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"A Yarge fPaction of both the initial and operating 
costs of present day power or research reactors stems fron 
the hazards, both proven and hypothetical, which may beset 
the reactor. Principal among the reactor hazards in regard 
to increased protection costs is the the hazard of accidental 
nuclear runaway . In water-moderated reactors the boiling 
process provides an inherent power limiting nechantam to 
reduce this hagard. 

" ‘Yekadeation of the boiling process in water-moderated 
reactors te limit nuelear runaway depends upon the fact 
that such reactors can be designed to have a negative stean 
coefficient of reactivity. The formation of steam and dis- 
in reactivity such that the reactor may become subcritical 
in which case the power, after reaching « maximum, will 
decrease. 

In the sumer of 1953 @ water-moderated reactor using 
MTR type fuel elements was constructed at the National 
Reactor Testing Station in Idaho to determine experimentally 
the self-limiting power characteristics of this type of 
reactor. During the summers of 1953 and 1954 a series of 
intentional muclear runaway experiments were conducted under 
the code name Borax. A brief deseription of the Borax 
experiments is given in the foliowing secticn. 
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_. Detabled descriptions of these experiments sre given 
in References 1 and 2. The fcllewing brief description 


TE a EP UN MO 
tte. The reactor tank was contained in a larger 
gitteld tank of ten foot diameter which was sunk part way 
into the ground and had earth plied around it for additional 


sencrete walls in which was installed equipment for filling 
ing the water in the reacter tank. 

The reactor tank, whieh was four feet in diameter and 
consisted of a number of MFR type fuel elements held at the 
bottom by a supporting grid and at the top by a removable 
tover grid. The core grid could accommodate thirty-six 
fuel elements, but a maxinnm of thirty clements were used 
in the Borax program. In operation the reactor tank was 
filled with water to a height of three te four and one-half 
feet above the top of the core; this water constituted the 
reflector, moderator, and eoolant. 

2. MIR Fuel Elements 0d 
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content (93% enrichment) of about 140 grams. The 0°" tn 
each plate is in the form of a strip of urantum-alusinun 
alloy, 23.6 inohes long by 2.5 inches wide by 0.021 ineh 
thiek. ‘The alloy plate was covered with a cladding of pure 
alumimm, which inereased the total dimensions of the fuel 
plates to 2.6 inches by 2.845 inches by 0.060 inch. the 
water channel Netetin the plates te 00137 inch eaves. 


es Vesthse sonteined five contro’ rods; “a central 
red when was elternatively fat plate or @ crose-shaped 


SiH nd ake (ln Ya) Vd Spaced i i 
echanneis separating the four quadrants of the reactor ‘sore. 
All rods were made of nickel-olad cadmium in aluminum 
casings. The control rods were attached by extension rods 
to drive mechanisms located above the top of the reactor 
tank. “The central rod was attached to its mechanisn by an 
electromegnet, which when released allowed the rod to be 
apring-ejected dowiwand out of the cove for the experiments 
sepuer4—v 

4. Experimental Procedure 

The experimental procedure was as follows: The fuel 
element loading of the reactor was adjusted to give 
approximetely the amount of excess reactivity desired for 
the experiment. With shim rods fully inserted (reactor 
suberitical) the central control rod was inserted into the 
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for the experiment. With the central rod held fixed at 
that position, the reactor was made aritical at very iow 
power (~1 watt) by withdvewsl of the shim rode; the shim 
reds were then held at thet critical position. The central 
vod could then be ejected from the core to produce a 
Three calibrated neutron counters were ingtalled at 
attached to fuel plates in the visinity of maximum Plux in 
&. Results ame Pp , ‘ 
The pict of a typical excursion iz shown in Figure 3« 
The following observations are vecorded after examination 
of a mumber of such experimental graphs: e 
up to approximately the time of maxinrua power. 
«te temperature effects on reactivity. 
_b) Pressure remaina at ambient pressure utili 
approximately the time of maxima power and then 


 @) The temperature of an insulated fuel plate at 
4) The bere fuel plate temperature increases almost 
exponentially but drepping a little below the 
 fnereeses quite rapidly. The maximua fuel plate 
_.@) After the time of maximum power the power curve 
period which indicates a steadily increasing stean 
volume in the reactor. At the time of maximm 
fuel plate temperature the power is decreasing 
quite rapidiy. r 
Plote of crervinante do fod plate senperatvares 
subscoling are reproduced as Figures 4 and 5. 
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the phenomena of initiation and subsequent behavior of 
temperature ie rising exponentieliy with time. The plate 
was electrically heated from an exponentially increasing 
power acurce. Plate temperatures were deduced from a 
pletures were taken of the plate area at the rate of 6000 
‘Te experimental results of this investigation es 
seaipiaicncninagr diag maguuaniy Sargrigawet boowaeod 
follows: 7 
saturation temperature of water and before 
Bolling comences exceeds it by an amount 
termed the “teuperature overshoot." | 
» Suddenly there is en almost explosive formation 
ui fag thot gm a 
Je Duke doling suse, expizes ant for a, nomen, the. 
_.. . furfaee is nearly free of bubbles. 
= "Sam alten eniennaeaes de vation $e 
appearance to loeal boiling with steady generation 
ef heat. 
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$. With indtial water temperatures above 190° F for 
te ES Pp OF tre te _— bed 
6, Date given for one run showed that for an 
exponential period of 17 millisesonds and an 
initial temperature of 92° F the plate 
temperature at the time of initiation of boiling 
was 263° F and the time duration of the initial 
heiling surge was approximately 5 miliiseconds. 
Whitehead (Ref. 4) has found from photographs taken 
of boiling in water under a wide range of sonditions that 
plots of menber of bubbles ctserved of « given radius 
versus the radius show a rather sharp peak at a uniform 
radius of spproximately 3 mils. 
Rohsenow (Ref. 5) has shown thet an excellent correla- 
tion of experimental bolling heat transfer date can be made 
with the equation 
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where Q/A is the rate of heat transfer per mit area, T, 
ig the surface temperature, ani T, ie the boiling tempera~ 
ture of water. C.¢ 18 a constant for any surface material~ 
fluid combination. The remaining quantities are properties 
of water or universal constents and are defined in 
Appendix A. 
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th ita expt rit a 
these recent investigations inte the boiling prosess lead 
ona te ivsde’ the resoter excursion into a maber of phases 
3) g the time sequence of physical evants ocourring 
within the reactor. ‘The reader is asked to foous his 
cenenecaiay eigenen diene nneipnpdiemwnet 
re othies 160 funk plate and adjeoent ater 
dering oSth pres, , 
Gass has Sedbibe SPW Cigal hebithes weeadde” 
prior to the initiation of belling the only mechantam for 
transferring heat produced in the fuel plates to the water 
is conduction. There is not time for natural convection 
to become effective tn transferring heat. ‘The power and 
fuel plate temerature are increasing approximately ex~ 
ponentialiy during this time, and there existe at any time 
a temperature gradient in the water which oan be predicted 
by solution of the differential equation for transient heat 
conduetion in metal and water. 
2. Initiation of Rotiing 

“At the time when the fuel plate tempereture and the 
energy transferred te the water have reached critical values 
to be derived in this thests, water at the plate surface 
will erupt in an almost explosive formation of bubbles. 
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tnerease, underdeveloped boiling gives way to fully 
gomiuction inte the subcooled water. 
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I? the fuel plete temperature continues to increase, 
the rate of heat transfer inte the bediing region will 
become greater than that conducted out and the net rate of 
vapor formation will increase with time. This ise known as 
overdevelioped boiling. The progvess is more or less self- 
limiting sinee the inereased bubble agitation end turbulent 
mixing of subcooled water can quickly diminish the rate of 
increase of vapor formation, 


me ame: mequence of events for a single fuel plate 
er lag in appearance of this sequence of eventa in any 
temperature ot this point relative to the point of maximum 
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See conmfuction phase, the condition for initiation of 
potling, and the condition of fully developed boiling len! 
themselves to analytical investigation. This thesis 
presents a detailed analysis of these shases of a reactor 
excursion in regard to plate temperature, rate of heat 
water, This analysis leads to a good somrelation of — 

The remaining phases of a reactor excursion ave more 
difficult to treat analytically. Pundamental knowledge of 
and ovemfeveloped boiling which is not now availiable is 
required. ‘The thesis gives only a qualitative deseription 
of the sequence of events occurring during these phases. 
Quantitative analysis of the spread of boiling through the 
reactor requires the ald of enalcg commuting equipment and 
ptr arm gua dlicarmaa stam 
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"ha fettoctg yytant noted oF the cotuatton phase 
poapecenenll 
hc thordhngamntinetosinsscmnorsdivonndiraponntnedacendl 
"ow power, 
by) The water is stagnant within the water channels. 
m7 Ie Aredheneatharmianertannendiet teem dered " 
“" “ay there are no nis onventien currents set up 
us tn the water channels during the short time to 
‘peach maxims power, 
7: ay mete Ls no Bekiing er vapde Pommation during 
| FY wed tomate fon the fast patde to the aber 
" quring this phase 46 by transient conduction. 
g) The diffusivity of heat through the fuel plates 
Therefore there is essentially no temperature 
_ erkdleat’ tn the toed piatess sue rotten wi 
“being in the water. 
hh) The amount of energy transferred to the water 
during this phase is suall compared with the energy 
contained in the fuel plates. 
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_, @onditions (a) through (e) are those present in the 
Borex reactors Condition (f) 18  consequense of conditions 
wv“ Conéition (g) 4s true for aluminum plates and 
sion (nh) Le open to serious objection. Although 
tne tamperavre of a inmated fu plate dnereses 
' lly with time the temperature of a. 
wee, ett, nian Gane taken Whe Inedehed plate beperchure 
by an amount proportional to the energy transferred to the 
water, For the short reactor periods being deait with here 
fuel plates 18 suatt. But, a predietion of fuel plate 
temperature as a fmetion of time will be in error if it 
asmmed that the temperature increases exponentially with 
utente tenga? “Rowever, ince we relate the solution 
> th } Sr Miah 3 Gh Wile od ‘kt stare 
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Integrating equation (1) between Pi at ¢ = 0 and P at 
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(3) Pete 
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part of this phase in respect toe, io get 
stnds eiring this 6c nduata : or hent hime + penetrated 
the water to be a semt-infinite medium with @ surface 
laffusion of heat ihe’ é acdtcieiinniie ‘wielial 
laypeials 9) WW Hind the anpeptitte soistten after the” 
initial transients have died out, for the temperature of 
the water distance X fron the surfkce at tine t to be 
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Hote that equations (5) and (©) are somewhat in error 
condition (h) of the basic asaumptions for thie phase, but 
equation (7) is much less in error than (6) from thin cause. 
SAPS: A OE Oe NE CaN SmaI 
EO | | 

2. Initiation ef Bolling 

The following paysical model fer a eriterion for the 
initiation of beliing is proposed: 

a} For a given plate texperature T,,, initial temperature 

TL, and inverse period m, the temperature gradient 
 fvte the water 1s given by equation (7). — 
| iichencieyneannneenmngeaanaannes 


seheeenthaidiiadhhianebditiainidhtaianin timetables 
has the ability te “look” out in the surrounding 
water in a more or lesa hendiapherical fashion, and 
to itself integrate the energy above saturation 

 hemperewvere contained’ in hemispheres of varying 
radii. 
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 « Stereasing radii as larger volumes ef superhented 
<atee 28 enveloped. Thus, there is a maximm enercy 
ssenandinateadranabnennaabaapiemaaannnens 
isa icinaiehe td diaieaaieiiaaiaih aitian auabnabie, aadineas 
the mudaum energy above saturation temperature 
| eontained in the healapheriesi volume of water. 
| 6) ie poompective bubble wil form only 4f thery 48 
nas canara iaiainpmipetgioneie 
i the erder of 3 mide. © 
of ‘cosastion (£) ebm elt goed fart onan of 8 
ard the vediue of the Hemiepherical volune of water contein- 
in the cases of small values of supeooling. 
PEA PIPL Mae to veteee ortttnerr, 
Wnitehead (Ref, 4) has found. fram ghobographs taken of botl- 
tog in water vader a vide range of conditions that plots of 


cecil: Sean i: 28: tala dis alpiieh: deine Cae 
~ttent ‘es snl niniting ninth teat ean h seinen 
to COs TA ERTS he eC svete 4 


masber of bubblee observed of e@ given radius versus the — 

PAD Sy ae Shen 
des Lisear aprosiaasion ts expenmtial wate 

¢) results in a eriterion for the plate temperature at the 


(see equation (55). ienentin ¢). re. temperature gradient at 
the initiation of volling 1s shown pistorlally in Figare 7 
»-» Sibethtuttoa of water properties at 212° Band one. 

sphere and use of an assumed radius of 3 mils results in 
quinted value Of Bec oooiny ve 

Bw o.22a72? PV pare wa 

+B ean be evaluated experimentally from Resenthal's one 
reported experiment — — B)}e —— at epprcungetl 
preasure is 

3 B <o.2ih7" ms — 
en prneerer a ee ee 


#'Feppert for" the 
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Vaing this latter value of B, ( ~« Ts) te plotted as 
&@ funeticn oP (ts - Ti) end = in Figures 6 and 9. Remember~ 
not very accurate and from the results of analysis ine — 
later section in comparison with Borax temperature deta, it 
will be eesumed that (fb « Ta) appcesches an asymetote of 
6 # aw (fs + Ti) approaches wero. The curves in thie 
water the plate temperature will be 6”. ¥ abeve saturation 
temperature. Whet is weant 4s that in cases of rapid 
transients as being dealt with here 1¢ appears frem the 
(Gabe that this esymptetic velue exists. “osenthal (Ref. 3) 
Tt above 190° F the values of (To - Ts) was not over GF 
sp eaaganaeateoee te ~ *) of his temperature mesmurenents. 
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water @ large amonue of superheat. Initially the driving 
character. However, the subsequent bubble agitation and 
region of bodling which reduces the average temperature , 
pressure ané degree of boiling in that rector. 
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. Certainly, during this phase heat is being transferred 
region from the plate. This phase is characterized by the 
decreases to 4 point of almost ne bubbles present in the 
lever stages of this phase (Ref. 3). » pate 
ecco sckaw nema ehanenapenaginenetnetnnE 
plate temperature ic increasing so thet the rate of beliing 
region is Georeasings 
ingthinthpadie mtenleedenbbelaben tated 
comiuetion to the condition of fully developed boiling. — 
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be no net inerease in vapor formation with time. The 
temperature profile for thie condition is pictorially 
ghown as curve & of Figure 7. ‘Thig condition may, but 
does not necessarily have to, ccew in any given reactor. 
ward progress of initial boiling (sey in the case of a 
developed boiling condition. Im the Borax reactor it — 
is attained at least at the point of maximum flux. 
Certainly in all reactors this condition 1s not attained 
With no net increase of stems and a very low level 
eondition, the amount of turbulent mixing is very snail. 
Thus the heat transfer out of the boiling region will be 
principally by conduction inte the gubcoeled water. 
Sinee the degree of boiling at this time is amall, the 
pressure in the water channel has returned to essentially 
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If we mew whet the temperature gradient was st this tine 
could evaluate the rate of heat transfer out of the boiling 
 . E¥whll postulate that the temperature profile into the 
bears sam relation to the timpernture profile wish 
neienecinttntinitin Repetition anh ab Wbdb ee tne 
exuat £0 the t1ope of some ptm on the teaparstare proche 
rep a eae ipenpell 
gradient in the water was given by — 
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According to the sbove postulate, the slope of the 
temperature gradient st the outer edge of the boiling 
region at the time of fully developed boiling is equal to 
the slope of the temperature gradient at the instant of 
bubble formation given by equation (9) at some position 
@long this gradient, x = x’. Note that here the quantity 
x’ 18 defined as the distance frou the plate into the 
existed at the instant of bubble formation equals the 
slope of the temperature gradient a4 the outer edge cf the 
bedling region at the time of fully developed botling. 
The physical definition of x‘ is clear, although the 
manner in whieh it might vary with period and subcooling 
4a not defined at present. Figure 7 shows » schemstioc 
representation of the temperature gradient existing at 
this time and the distanse x‘ which is experimentally 
shown latter to be a virtual distance. 

‘Sas the rate of heat transfer per unit avea leaving 
the boiling region at its outer edge at the time of fully 


Geveloped veiling is given by 
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(Ref. 5) to de 
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where 
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ee Pilulas RIOT Come)®' 
F i my 9 (fe - f.) (3 
Rohsenow gives values for C,. for various combinations 
of surfece material and fluid to range from 0,003 to 0.015. 


Evaluating the expression for “ for water bolling at 
atmospheric pressume we get 


ae = os — ) : 
Cs - wan “Gp 


or for the range of surfaces used by Rohse 


x = 1.07 to 19 EEL, 


This uncertainty in the value of « by 2 factor of 125 
or more is disconcerting when attempting to carry through 
maerical calculations. However, the mere fact that it ls 
& constant for a given pres@ure and surface-liguid sombina~- 
tion 19 helpful since 4f it can be once evalunted this 
value may be used in further calculations involving this 
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ie zero, we get from equations (11) and (12) 
(1k) «(Te = ke fF (1-1) & fi my 


This ahisehtieh should prediet the plate temperature 
at the inatant of fully developed boiling. ) 
he vender fs now asked to foous his attention on 
the fuel plate temperature at the time of fully developed 
boiling. The rate of change of fuel plate temperature at 
any time is beng wy the ponies ¢ differential conti 


(15) fe eet -(8),.., Poare: I To 


FT Va ey I 
at the time of maxime fuel plate temperature the power 
is decreasing quite rapidly. And from the discussion of 
the underdeveloped bolling phase it will be remembered 
that in the later stages of this phase the heat transfer 
rate from the plate to the water 1s increasing with time. 
Consideration of these facts in connection with equation 
(25) suggests that the time rate of change of plate _ 
temperature may pass through zero close to the tine of 
mment of fuliy developed boiling for the Borax reactor. 
Ae least the tine rate of change of plate temperature will 
be very emall at this time. f£ «ill therefére postulate | 
that for the Borex reactor maximm fuel plate teupereture 
oceurs at the time of attainment of fully developed bolling. 
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where Tp, is the maximum plate temperature which is 
assuned to be reached almultancously with fully developed — 
boiling. Equation (16) together with equation (8) wilt 
be used to prektes mextem fuel plate temperatures ter 
ov gee experiments show thet ~ should be 
independent of period (a) and inttter degree of subsooling 
(ts - “pays X shall assume that x’ “As also independent of — 
these variables. 
Taking the § 
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‘These equations constitute the correlation of marten 
fuel plate temperatures tn the Borax experiments. taing 
these equations, ros f(y) ar 4 Pn 
fm and (Te ~ t1) for the Borex resator wee salouleted and 
cr an aptnte 16, | . 

the best fit war obtained if Te - Ts = 6 °F for ail periods. 
This was the basis for the requirement that Th ~ Ts approach 
an asymptote of 6 °F se Ts ~ Ti approached zero as explained 
presented. 4 % % Ma 2a Se et BHI aeerkhts 
values from Figure 4 are replotted as eircles in Figure 10 
to show the SGPC eaanS "SOCien “Sip erinett “a en on 
the initially, witdetee hoc — 

Figure § for various degrees of subtcoling and for 13 and 

22 millisecond periods are replotted as circles in Pigure li. 


P 
, Say ee? Sk 
gl teh sd dvipnede agate vf 
“7 Madaty “ es: He? IE | wh, 
; 4 | 
S868 atin me). xh ow ie 
j ¥; 
7 shy 


AAR 


| Se at 92 «ion 


basen tan wh.aeedad bow cada ant? stake ak sane ostg rg 
eaboiviy fie wh Yao ot ~ ot 9 handsitio waw i ined 4 
Mecomgas af ~ dt deity Scvemtent ell wR aLand ete nsw ” 
beckaiges me onay Rediogecgen oP + + eBina <° 2 te Seem 

‘eer et Reel eee sortie ‘nets stoke ak votaned « 


Fs 


da 
hh ead : 


PRTC S ohaiyy waht: Codewtentenpeaed ain ea 
Of Watt xf aaforty ce. Seite ger wee 8 wee att 
aa't aobseahivors ies trent renne reentet rsteaorge oe wom 
morc willie wits, axciiiaee lipthaniasnigen ill at bs é 
fee &f at Site and Lemaire te nee eee eu fuer on 8 ou . | 

St exept at emtayle ea fetdotqen ent abobuy Ranedelties 


20 
for these two periods are shown af #o1id lines 4m Figure 11. 
of maximum plate temperatures by equations @ and ree 


Avtar tho evtablishment of fully developed boditag, 2 
phage in whieh the vate of heat transfer into the bol Ling 
time. However, this process is more or less self limiting 

Ee appears from the analysis in the preceding section 
Therefore it appeurs that the Borax reactor didn't go very 
fear inte the overdeveloped boiling phase. 

‘Under other conditions, however, overdeveloped boiling 
may take place to a significant extent before maxim plate 
temperatures are reached. Susi could be the ease in a 
heavy water reastor. . 
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dinner dnemamiannunbtveks Vitenanantinn 
the sequence of physical events occurring within a single 
water channel to a consideration of these events cecurring 
successively in various water chamels in the reactor. 
__ Bedling first commences within a water channel near~ 
est the point of maximm flux in the reactor. The boiling 
seme fraction of the fuel plate area bounding this chamel 
is in boiling. At this time the boiling area will reach a 
maximun in this channel due to the combined effects of: 
(1) lower flux and the asscelated lower plate temperature 
at this distenee from the point of maximun flux, (2) rapid 
pressure and the saturation temperature at ail points in 
the channel, and (3) this rapid vapor formation and increased 
vapid movement of which causes turbulent mixing of the water 
initial boiling in a manner eimilar to that deseribed for 
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the initial channel, (See Figure 6 for a pictorial 
representation of the outward progress of boiling in the 
reactor.) As further initial boiling takes place the 
power developed by the reactor varies in accordance with 
the following differential equation: 

(x) 9 -p li soe Aa Fk 

eesti isleiaiadehditahandieaalaieahdaihinebtiadl ianteen. 
t ia time, 5K ie the initial step increase in effective 
maltiplication factor of the reactor, P is the fraction of 
fission neutrons which are delayed, { is the prompt neutron 
lifetime, © ia the statistical weight at a point for 
reactor perturbations, Vo is the volume of steam per unit 
fuel plate ares, 2% is the reactor void coefficient and A 
shannela to reach Tb. If go is the maxim flux, or is 
the flux at point », and t ia the time leg between 
initial boiling in the chamel at position r and initial 
bodiling in the chamel of maxima flux, the following 
equation approximstely describes the interval of time 
maxim flux and position r. 
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“Consider for & mowent, the aisle farmstion. of vapor 
an any waver channels, ‘The criterion develeped for the 
initiation of bedling ption that the 


nt te ton of Aistaion of, betding. Thus 
) initia rudueed ta che duiidal surge 
of botiing in any water channel from thts constant svat- 
able energy source is also a cosstant essentially 
independent of subsooling or period. In addition, the 
process of Anthiation of botlins 1a,a12,.etar,shamele se 
identical essentially independent of subccoling ov period. 
_ Mws it will be assumed that the iniiial volume of 
steam formed in any water wine is a constant and for 
times shortiy after the initiation of boiling in the — 
central channel the tetel volume of stesm in the reactor 
“Sc SAAM: SREGOD, GP. LONEN, Ree, patio anes. ae 
, "Af, ‘on. Linn so saben, dhareste. ced. be, anneternt 
to be axially syumetric about the central chanael and 
initial boiling with @ constant vapor volume per channel 
le taking place inside @ group of water. channels desertb-, 
ing # circle of radius r, viewing @ transverse section of 
the reaotor through the point of maximum flux, then the 
total vapor volume in the reactor is given by 
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where C ig a constant for any given fuel plate-water — 
Equations (23), (24), and seinahietmeen 
probably easier on a computing machine, revealing the 
shorty afver the tine of initiation of botling tn she 
first channel. 
= at Suet Wihaintin-400) ‘th ee eentcenetmnnae 
the volume of steam formed in eny channe) at the initia- 
moves outward from this point, whereas in sections P3 and 
ing the overdeveloped boiling phase. It appears fron 
consideration of the Borax excursions (Figure 3) that the 
outward progress of initial boiling in the reaster has 
accomplished the major contribution to the shutdown 
process before the attainment of fully developed boiling 
and @ twinimws of vapor volume in the central charmel. 
The effect of this decrease in vapor volume will first be 
felt in the central chamel. But the contribution of the 
vapor volume assumed to be in this central channel is 
omall in comparison with the vapor volume contained in the 


ba 
larger number of channels at radius xr. Therefore the error 
be, aus. Lees | 
a Hewat athaniirersnyretytircersin teach 
given by equations (23), (24) and (25) approximately _ 
Borax reactor the outward progress of initial boiling in the 
reacter contributed much more to the reavtor shutdown — 
mechanton than G34 the aecondary roti Of vapor An the 
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time integral of the instantaneous power, ts iow at the 
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36 
emiterion was used with suecess in connection with the 
aan Senn Oe 
for the Borax reactor. 

It 4s thought that the derived corvelation may be used 
engountered in rapid translents of Borax type reactors. 
However, it ie probably only a fortumate aceident that for 
the Borax reactor the time of maxima fuel plate temperature 
happened te correspond very closely with the attainment of 
an experimental determination of x, the heat transfer 
coefficient for boiling of water in contact with MTR fuel 

 StLll an the vesbla of speculation is the vesult from 
this correlation that the quantity x’ 1s a sonstant. Since 
eonstant leads one to believe that these srocesses are 
physically similar irrespestive of period or degree of 


| This veltef is the basis for the suggested model of 
boiling given in section P5, dealing with outward progress 
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37 
of indtisi boiling in the reactar. 

Mention thould be made of the apparent inconsistency 
between the asaumed model of transient bolling and the 
@ondition of fully developed bolling was marked by a 
return to essentially aabient pressure within the channel. 
Goservation of the Borex data shows the pressure to be 
steadiiy insressing with tim. — 

A peconsiliation ef this inconsistency could se based 
pressure transducer was located in the reastor. Assucing 
impossible te pisee it inside the reseter core. Or if it 
standard MIR fuel element. In any event the recorded 
pressure was probably not that exiating at any time within 
a single standard water channel. 

Depending on the type and crientation of the transducer 
ita reading would be a combination of the static pressure 
existing at thet point and the pressure caused by momentum 
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38 
opening. If the momentus effects predominate, then the 
observed pressure is merely a measure of the velocity ant 
amount of water being expelled by ell of the water channels 
undergolng bolling at amy tlue. ince the muuber of channels 
undergoing initial boliing de rapidly increasing with tins, 
with this model, 

it should be noted that the pressure trace of only one 
exeuraion was presented in the Borax report (Figure 45, 
Ref. i). Mention was made of apparent inconsistencies in 
the pressure observations which were attriluted to mal - 
functioning of the device. Careful serutiny of this one 
demeribed as 2 jog in the curve at approximately the time 
central chanel at this time and the consequent new surge 
of expelled water. 
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the covplopnent, of, m ebuata) metal Tov the course of & 
runaway excwalon ia a water-moderated nuclear reactor. 
Within the Sramework ef these guides it was the aim of 
thie thesis to unierstand and aanlyse a reactor runaway 
excursion, The model developed is consistent with this 
- tetent hegt of veportactiod of «ever - RB) 

Ke Tae conduction phase, sondities fer Lalttatton of 
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pbystead, model, anda, complete, solution sl eeapiastie 
excursion must await a more detedied and more fundanental 
understanding of transient emg queanen 
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a heat diffusivity of water oy 
A fuel plate area (*) 
B constant defined by equation (55) 
Ce specific heat of water <n 
€ constant defined by « (25) 

hp, latent heat of vaporization of water (Tt) 

Ky heat conductivity of water +m .-) 

5K inttiel step tnerense in effective mltiplication 
2% nésator void costtiorent (rt~7) 

: prompt neutron lifetime (See) 
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(2) rate of heat transfer per unit fuel plate aren 
(ests) 
See ft 


s heat capacity of fuel plates per unit fuel 


plate area i 


t time (Sec) 
temperature (°F) 
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om o the water from and normal to a fuel 


viscosity of water (—Ab—) 
See ft 
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APPENDIX B 
Transient one dimensional condustion 
inte a semi infinite with an 
exponentialiy rising surface temperature 
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3 x* a 
na 42 thee temperature sonie is hosed upon the initial 
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Figure 3 
Plot of power, fuel plate temperature and 
pressure rise during a typical nuclear runaway 


excursion of the Borax reactor. 
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Figure 4 
Borax maximum plate temperature rise 
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with reactor initially at saturation 
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Figure 7 


Schematic representation of temperature profiles 
occurring in a fuel plate and adjacent water channel 
at verious times durins 2 reactor runaway excursion. 

1 and 2 Conduction phase 
3 Initiation of boiling 
4 Fully developed boiling 
Note that the slope of profile 3 at (a) is the same 


as profile 4 at (b). 
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Figure 7 
Schematic representation of temperature profiles 

occurring in a fuel plate and adjacent water channel 
at verious times durins a reactor runaway excursion. 

1 and 2 Conduction phase 

a Initiation of boiling 

8 Fully developed boiling 
Note that the slope of profile 3 at (a) is the same 


as profile 4 at (b). 
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